The Global Navigation Satellite System (GNSS) and GNSS receivers can be used to measure the time-frequency errors of receiver clocks so as to evaluate their frequency stability. The calculation of receiver clock error by single point positioning (SPP) is not highly accurate, resulting in the limited evaluation of clock frequency stability. Therefore, this study proposes a precision point positioning (PPP) evaluation method. In this method, the receiver is driven by an external clock to be evaluated, and the receiver clock error calculated by PPP is used as the measured clock phase error to calculate the Allan variance. The frequency stability of three clocks with different grades (temperature compensated crystal oscillator [TCXO], oven controlled crystal oscillator [OCXO], and rubidium clock) are evaluated with the PPP evaluation method. The PPP evaluation method can evaluate the frequency stabilities of TCXO and OCXO for an average interval of more than 1 s, and the evaluation error of OCXO is less than 1.3 × 10 −11 . As for the rubidium clock, its frequency stability can be evaluated by the PPP evaluation method for an average interval of more than 66 s, and the error is less than 2 × 10 −13 . In general, the PPP evaluation method involves simple operations, achieves high accuracy, and is easily popularized.
I. INTRODUCTION
Frequency stability is an important performance evaluation indicator for clocks. It is characterized by the power spectral density in the frequency domain and characterized by Allan variance in the time domain [1] . After half a century of development, the Allan variance has formed a mature and well-developed theory [2] , and obtaining accurate clock phase errors or frequency errors is the premise of using Allan variance to characterize clock frequency stability. The traditional methods for measuring clocks' time-frequency errors, including time interval counter, heterodyne, and dual-mixer time difference methods, rely on electronic time-frequency measuring equipment [3] . The time interval counter method divides the reference frequency and the frequency to be measured into a low frequency (usually 1 Hz). The time interval
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counter is then used to calculate the phase difference between the two. The method is simple in structure, but the accuracy of the result is low and is unsuitable for measuring the short-term phase differences of clocks. The heterodyne method mixes the reference frequency with the frequency to be measured and then uses the change period of the hybrid waveform to calculate the frequency difference between the two waves. This method has high measurement accuracy but requires a reference frequency source with higher frequency stability. Furthermore, the phase data cannot be obtained directly. The dual-mixer time difference method combines the time interval counter method with the heterodyne method. First, the frequency to be measured and the reference frequency with the same nominal frequency are individually mixed with another reference frequency and are then divided into a low frequency for time interval measurement. The method has the highest measurement accuracy among the three methods, but it requires a reference frequency source with higher VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ frequency stability. Additionally, its structure is relatively complicated, and the cost is relatively high. For clocks with high frequency stability, the traditional electronic frequency measuring method requires reference frequency source with higher frequency stability, and high-precision measuring equipment, which are almost only used in professional timefrequency laboratories and are not applied to commonly used clock frequency stability evaluations owing to their high cost and poor mobility. The application of the Global Navigation Satellite System (GNSS) to the measurement of clocks' time-frequency errors is low cost and covers a wide area. The GNSS has become the main system for time and frequency transfer. Using the GNSS for time-frequency measurement meets the requirements of many fields [4] , [5] . Owing to the need for positioning, the GNSS maintains an accurate and stable time reference [6] , and its frequency stability can reach the 10 −14 level within a day [7] , [8] . The GNSS receiver is installed with hardware for measuring the time-frequency errors of clocks. If the GNSS time reference is used as the reference time scale for measuring the time-frequency errors of clocks, then the GNSS receiver can be used to measure such errors. The receiver obtains the corresponding positioning observation after the clock to be measured provides frequency to the GNSS receiver. Then, the GNSS single point positioning technology can calculate and obtain the receiver clock error as the phase error of the clock to be measured and the receiver clock drift as the frequency error. On the basis of this idea, Petovello and Lachapelle proposed a single point Global Positioning System (GPS) evaluation method using GPS single point positioning technology for evaluating the frequency stability of high-precision clocks in the time domain [9] . The method is of simple structure and low cost. However, for a clock with a frequency stability at level 10 −12 at 1 s intervals, limited by the accuracy of the satellite orbital clock product and the maturity of the high-precision positioning technology, this method can only measure the frequency stability with time intervals of 300 s or longer. In 2013, Kou et al. proposed a method for measuring the frequency error of a local clock relative to the satellite clock on the basis of the carrier tracking result of the GNSS software receiver [10] . Different from the single point GPS evaluation method, this method can use a single satellite to evaluate the frequency stability of the clock to be measured, but its performance evaluation is limited by the clock frequency stability of the Beidou satellite being tracked. Furthermore, compared with the single point GPS evaluation method, this method is more complicated and costly; thus, it is more difficult to popularize.
Compared with traditional single point positioning, precise point positioning (PPP) has higher calculation accuracy for receiver clock error and stronger time-frequency transmission capability. PPP uses high-precision satellite clock products, and its time reference depends on the precision clock products that it used [11] . If the final precision clock products of the International GNSS Service (IGS) are used, the root mean square of the clock product can be better than 75 ps [12] , and the time reference of the PPP technology is IGS time (IGST), whose frequency stability level at 1 day is more than 10 times that of GPS time (GPST) [13] . In post-processing positioning calculation, PPP considers many errors and uses accurate models, and its accuracy in the calculation of receiver clock error can reach 0.1 ns [14] . PPP technology for timefrequency transmission realizes a frequency stability at the 10 −15 level at one-day intervals [15] , [16] and its overall performance can rival that of two-way satellite time-frequency transfer [16] . Guo et al. achieved one-way timing at the sub-nanosecond level with PPP [17] , further showing the time-frequency transmission capability of PPP. Therefore, the PPP evaluation method is expected to have better evaluation capability than the single point GPS evaluation method. In the PPP evaluation method, the GNSS receiver driven by the frequency of the clock to be measured is used to obtain the positioning observation. The PPP is used to calculate the receiver clock error; then, the receiver clock error is used as the phase error to calculate the Allan variance.
As mentioned above, the PPP evaluation method is less costly and easier to implement than traditional electronic methods, and it is expected to have stronger evaluation capability than the single point GPS evaluation method. However, such capability has not been verified. Therefore, the motivation of this study is to investigate the evaluation capability of the PPP evaluation method. This study compares the PPP evaluation method with traditional electronic methods to verify the effectiveness of the former. It also emphasizes the advantages of the PPP evaluation method relative to traditional GNSS evaluation methods. In addition, three clocks of different grades (rubidium clock, oven controlled crystal oscillator (OCXO), and temperature compensated crystal oscillator (TCXO)) are evaluated by using the PPP evaluation method to explore the specific scale of the evaluation capability of the PPP evaluation method. In terms of structure, this study first introduces the time-frequency model and frequency stability time domain characterization method of clocks. Then, it briefly introduces the traditional GNSS method to evaluate clock frequency stability. It also introduces the PPP evaluation method and analyzes the error theory of this method in detail. Finally, the evaluation results and analysis of the three clocks are provided.
II. TIME-FREQUENCY MATHEMATICAL MODEL OF CLOCKS
The general equation for the clock phase error X (t) that accumulated over time can be expressed as
In Equation (1), X 0 is the initial phase error, Y 0 is the initial frequency error, D is the frequency aging coefficient, and n (t) is the clock noise. The first three terms in Equation (1) affect the systematic error of the clock. However, the random error of the clock mainly depends on power law noise. Power law noise can be expressed as S y (f ) ∝ f α , where f is the Fourier or sideband frequency in hertz and α is the power law exponent (−2 ≤ α ≤ 2). The frequency error Y (t) (factional frequency) is the derivative of the phase error X (t) with respect to time t and is given by
The standard deviation is often used to describe the magnitude of the random error. Given that the frequency source contains flicker FM noise (α = −1) and random walk FM noise (α = −2) and that the distribution of such nonwhite noise is time-dependent, using the standard deviation to describe the frequency stability of the frequency source will indicate divergence over time. At present, the Allan deviation is commonly used to characterize the frequency stability of a frequency source. The most basic two-sample Allan deviation can be expressed as [18] 
In Equation (3), N represents the number of measured phase error values in the calculation, x i represents the ith measured value of phase error X (t), and τ represents the average time.
If the frequency error is used to calculate the two-sample Allan deviation, then it can be expressed as
In Equation (4), M represents the number of measured frequency error values in the calculation, y i represents the ith measured value of the frequency error Y (t), and τ represents the average time. Overlapping Allan deviations fully use all sample points in the data, thereby improving the confidence of the estimation [3] . The equation of the overlapping Allan deviations relevant to the measured phase error values is expressed as
In Equation (5) , N represents the number of measured phase error values in the calculation, x i represents the ith measured value of phase error X (t), τ represents the average time, and m is the average factor.The equation of the overlapping Allan deviations relevant to the measured frequency error values is expressed as
In Equation (6), M represents the number of measured frequency error values in the calculation, y i represents the ith measured value of the frequency error Y (t), τ represents the average time, and m is the average factor. The characterization of clock frequency stability by Allan deviation can be roughly divided into three stages: measurement of clock time-frequency error, data processing, and frequency stability analysis. Equations (3) to (6) show that the Allan variance can be calculated from the phase error or frequency error. Therefore, the accuracy of the clock time-frequency error has a direct bearing on the evaluation of clock frequency stability. The measured data often contain gross errors that need to be detected and eliminated. Frequency drift processing is also needed for the measured data with obvious frequency drifts. Identifying gross errors and frequency drifts in frequency data is relatively easy. The frequency error of an epoch can be obtained after subtracting the phase error of the current epoch from the phase error of the previous epoch and then dividing the epoch interval. Only with accurate and clean measured values can the calculated Allan deviation characterize clock frequency stability correctly.
III. GNSS-BASED TIME DOMAIN EVALUATION METHOD FOR CLOCK FREQUENCY STABILITY
The phase and frequency errors of clocks can generally be measured by conventional electronic time-frequency measuring devices, but the reference frequency source and measuring equipment for measurement often have high cost and low availability. By contrast, the GNSS-based method for measuring clock time-frequency errors solves the problems of cost and acquisition of reference frequency sources. Therefore, the GNSS-based time domain evaluation method (hereinafter referred to as the GNSS evaluation method) for clock frequency stability has great potential for popularization.
The GNSS evaluation method refers to an evaluation method that uses GNSS positioning technology to measure the time-frequency errors of receiver clock and calculates the Allan variance to determine the clock frequency stability. The GNSS receiver is installed with hardware for measuring the time-frequency error of clocks. As shown in Fig. 1 , if the clock to be tested provides the clock frequency to the GNSS receiver, then the GNSS positioning technique can calculate the corresponding receiver clock error, that is, the difference between the presented time of the clock to be tested and the time reference of the GNSS positioning technique. By taking the time reference of the GNSS positioning technology as the reference time scale of the clock to be tested, the receiver clock error can be used as the measured phase error of the clock to be tested. After the measured phase error is converted to clean frequency error data, the calculated Allan deviation can be used to characterize the frequency stability of the clock to be tested.
According to the different methods for measuring the distance between the satellite and the receiver, GNSS positioning technology can be divided into pseudorange positioning and carrier phase positioning. In the former, the satellite position in the satellite navigation system is given by the ephemeris, and the receiver can measure the pseudo-distance P between the receiver and the visible satellite. The threedimensional position and clock error of the receiver can be obtained by using the principle of space distance intersection. Various errors cause the distance P between the receiver and the satellite to be unequal to the true geometric distance ρ. The relationship between the two is shown in the following pseudorange observation equation:
Carrier phase positioning also uses spatial distance intersection. The observation equation for carrier phase positioning is shown in Equation (8). (7) and (8), c is the speed of light in a vacuum, dt r is the receiver clock error, dt s is the satellite clock error, d ion is the ionospheric error, d trop is the tropospheric delay error, dm is the pseudorange multipath effect error, and ε(P) represents other errors. In Equation (8), λ is the carrier wavelength, ϕ is the actual observation containing the fractional part of the cycle and full cycle count, δm is the phase multipath effect error, N is the integer ambiguity. The receiver clock error can be calculated by pseudorange positioning or carrier phase positioning, and the accuracy of the calculation is affected by the accuracy of methods such as satellite clock correction, ionospheric correction, tropospheric correction, and observation. Among these factors, the accuracy of satellite clock correction exerts the greatest effect on the accuracy of receiver clock error calculation.
Single point positioning (SPP), the traditional GNSS positioning mothed, generally refers to pseudorange single point positioning. In SPP, satellite clock correction is provided by the broadcast ephemeris, and the accuracy decreases as the age of the broadcast ephemeris increases. In addition, the time reference of SPP depends on the broadcast ephemeris, which uses a GNSS time reference such as GPST. Ionospheric delays typically use observations of dual-frequency ionosphere combinations to eliminate low-order terms. Tropospheric delay is estimated by the model, and the result usually suffers from large residual errors. The empirical values of the effects of SPP errors on the accuracy of receiver clock error estimation are given in Table 1 . The accuracy of receiver clock error calculation by SPP is approximately 4 ns. In Allan variance calculation to characterize clock frequency stability, the frequency error is obtained by subtracting the receiver clock error between epochs; thus, the relative accuracy of the inter-epoch clock error has the greatest effect on the evaluation of frequency stability. The change of satellite orbit error, satellite clock error, and atmospheric error is slow in the short term (less than 1 min), and the relative accuracy of the receiver clock error between epochs is approximately 0.2 ns. Receiver clock error with this accuracy can be used to evaluate the frequency stability at 1 s average interval of a clock whose frequency stability is at the 10 −9 level.
IV. PPP EVALUATION METHOD AND ITS ERROR ANALYSIS
PPP is a high-precision GNSS single point positioning method that combines pseudorange positioning and carrier phase positioning. Its satellite orbit and clock products have high accuracy. In terms of error processing, PPP selects accurate models and considers many errors. In addition to the errors mentioned in Equations (7) and (8), PPP generally needs to consider the following errors: antenna phase wrapping, antenna phase center error, solid earth tide, ocean loading tide, atmospheric load tide, and gravitational delay.
A. PPP EVALUATION METHOD
The PPP evaluation method uses PPP to measure the phase error of the clock to be tested, calculate the Allan variance, and characterize frequency stability. Figure 2 shows the schematic of the PPP evaluation method. PPP is a GNSS positioning technology; thus, Fig. 2 is similar to Fig. 1 , but the orbit clock product used in PPP has a relatively high precision. In PPP calculation, the spatiotemporal reference refers to the spatial time reference of the product; thus, the receiver clock error obtained by PPP calculation is based on the product time reference. Compared with GNSS time references such as GPST, the time reference's frequency stability of precision clock products of IGS and other institutions is higher. Therefore, the time reference's frequency stability of PPP is also improved relative to the time reference of traditional GNSS positioning.
Three main mathematical models are commonly used in PPP: the non-ionosphere combination model, the UofC model, and the non-combined model based on original observations. As a commonly used observation model, the non-ionospheric combination model eliminates the loworder terms of ionospheric delay. The simplified form of the observation equation is as follows
In Equation (9), c is the speed of light in a vacuum, dt r is the receiver clock error, dt s is the satellite clock error, d trop is the tropospheric delay error, ρ is the true geometric distance, P 3 is the non-ionosphere combination observation of the pseudorange observations P 1 and P 2 , λ 3 ϕ 3 is the non-ionosphere combination observation of the phase observations λ 1 ϕ 1 and λ 2 ϕ 2 , dm represents the multi-path error of pseudorange combination observation, and δm represents the multi-path error of phase combination observation. The tropospheric delay error d trop can be expressed as
In Equation (10) The accuracy of PPP in estimating receiver clock error mainly depends on the accuracy of the used orbit and clock products. Given the precision orbit and clock products provided by IGS, the relative accuracy between epochs of the receiver clock can be better than 0.01 ns. Therefore, in characterizing the frequency stability by the Allan deviation, the frequency error obtained by PPP in receiver clock error conversion can be better than 1 × 10 −11 . Receiver clock error with this accuracy can evaluate frequency stability at 1 s average intervals of a clock whose frequency stability is at the 10 −11 level.
B. ERROR ANALYSIS OF PPP EVALUATION METHOD
In the PPP evaluation method, after analyzing the mathematical model and physical meaning of the clock phase error, the following relationship can be obtained:
In Equation (11), X represents the phase error of the clock, T r represents the actual time of the clock to be tested, and T represents the ideal time scale without error. Assuming an error t occurs between the reference time scale T s of PPP and the ideal time scale T , then we obtain
The receiver clock error estimated by PPP satisfies Equation (13):
ε(dt r ) represents the error of the receiver clock error estimation by PPP. By substituting Equations (11) and (12) into Equation (13), we can obtain the following relationship between the receiver clock error and the phase error of the clock to be tested:
Taking the receiver clock as the clock phase error, we introduce the PPP time reference error t and receiver clock error estimation error ε(dt r ). The frequency error Y r i calculated by the receiver clock error is
τ 0 is the epoch interval of the receiver clock error. Substituting the frequency error data Y r i into Equation (6) yields the following:
If the measured phase error is used to calculate the overlapping Allan deviations, the receiver clock error dt r is substituted into Equation (5) . Then,
Equation (14) is substituted into Equations (16) and (17). Simplification yields the following:
In Equation (18),
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In the square root formula to the right of Equation (23), the first term represents the overlapping Allan variance of the clock itself, the second term is the overlapping Allan variance of the PPP time reference, the third term is the overlapping Allan variance introduced by estimation error of the PPP clock error, and the fourth term is the other item. Some overlaps occur between the clock's own overlapping Allan deviation (the clock's own frequency stability) and the overlapping Allan deviation of the PPP time reference (frequency stability of PPP time reference), the overlapping Allan deviation introduced by the error of PPP clock error estimation (PPP transmission accuracy), and the other terms in the PPP evaluation method. If δ y (τ ) were to be made as close as possible to the clock's frequency stability, the frequency stability of the PPP time reference and the transmission accuracy of PPP need to be much higher than the clock's frequency stability. The time reference of PPP depends on the time reference of the precision clock products being used. Take for example the final precision clock products of IGS. PPP takes IGST as the time reference. IGST is generated by IGS according to the weighted ensemble of the clock of the ground tracking network and the on-board atomic clock [11] , [13] . In the clocks of the IGS ground tracking network, the highest clock frequency stability of the tracking station can reach 1.4 × 10 −15 [11] at one-day intervals. The stability of the space-borne atomic clock over an average time from 10 s to 1000 s can reach the 10 −12 to 10 −13 levels, and the long-term frequency stability can reach the 10 −14 level [19] . The frequency stability of IGST is better than the 2 × 10 −15 level at one-day intervals and is far superior to the frequency stability of the general clock. As regards the transmission accuracy of PPP, some scholars have evaluated the time transfer ability of PPP. The results show that the PPP timefrequency transmission accuracy and the frequency stability of IGS final clock product are not much different and that the frequency stability level of both at 100 s average intervals reaches 10 −14 [16] .
According to Equation (23), when the clock frequency stability is considerably high, the first item in the square root of Equation (23) can be neglected. At this point, the value of δ y (τ ) in Equation (23), which is called the overall noise of the PPP evaluation method in this work, represents the overall frequency stability of the PPP time reference and PPP transmission accuracy. The red curve in Fig. 3 represents the overall noise of the PPP evaluation method. After the clock frequency of UTC (NTSC) is provided to the GNSS receiver, the GNSS receiver obtains the positioning observation. The receiver clock error is obtained by PPP calculation of the IGS precision orbit clock product and RTLLIB software [20] . The receiver clock error is used as the phase error measurement and converted to a clean frequency error. Then, the red curve shown in Fig. 3 is obtained by conducting an Allan variance calculation of the clean frequency error. Similarly, using the the SPP function of RTKLIB to calculate the same set of observations above, the overall noise curve of the SPP-based frequency stability evaluation method (hereinafter referred to as the SPP evaluation method) can be obtained (shown as black curve in Fig. 3 ). The overall noise of the PPP evaluation method is better than 5 × 10 −12 at 1 s average intervals. With the increase of the average time τ , the overall noise level of the PPP evaluation method shows a decreasing trend. The overall noise at 1000 s is better than 10 −13 , and the overall noise at 10000 s is better than 2 × 10 −14 . The overall noise of the SPP evaluation method at 1 s average time is approximately 7.37 × 10 −11 . Therefore, the overall noise of the PPP evaluation method is one to two orders of magnitude lower than that of the SPP evaluation method. Figure 4 shows a schematic of the experiments in this work, including the PPP evaluation method, the electronic evaluation method, and the SPP evaluation method. The purpose of the experiments is to compare the results of the PPP evaluation method, the results of the electronic evaluation method, and the results of the SPP evaluation method; thus, the experimental data need to be kept at the same time period. As shown in Fig. 4 , the clock to be tested simultaneously outputs two 10 MHz sinusoidal signals. One provides the clock frequency to the GNSS receiver, and the other is inputted into the 3120A phase noise and Allan variance tester (3120A tester) for time-frequency measurement. The GNSS receiver continuously receives satellite signals through a dual-frequency antenna for positioning and records the observations. The 3120A tester records the measured phase data in the meantime. The recorded data are postprocessed by a personal computer to obtain an overlapping Allan deviation curve for characterizing frequency stability.
V. EXPERIMENTAL RESULTS
In the experiments, the positioning calculation includes PPP and SPP; the data processing includes phase-frequency data conversion, gross error processing, and frequency drift processing. A NovAtel board card is used as a GNSS receiver, RTKLIB software is used as the PPP and SPP calculation tool, STABLE32 software [21] is utilized as the Allan variance calculation tool, a hydrogen atomic clock with high frequency stability serves as the reference frequency source for the electronic evaluation method, and a 3120A phase noise and Allan variance tester (3120A tester) are used as measuring equipment for the electronic evaluation method. The clock to be tested includes a rubidium clock, OCXO, and TCXO. As for frequency stability, each clock has its own characteristics. In general, the overall frequency stability of TCXO is relatively low, the short-term frequency stability of OCXO is relatively high, and the long-term frequency stability of the rubidium clock is relatively high. Overall, the rubidium clock has the highest frequency stability, OCXO is second, and TCXO has the lowest frequency stability. The experimental results in this work are presented in clock rank ordered from high to low to study the evaluation capability of the PPP evaluation method. For different clocks, owing to clock aging or production quality, the clock frequency may show significant frequency drift, and the obvious frequency drift needs to be deducted. Among the three clocks tested in this work, only OCXO has been performed frequency drift processing. As the frequency stability of the reference frequency source is much higher than that of the clock to be tested and the 3120A tester has low measurement noise, the resulting curve of the electronic evaluation method can be used as the truth curve. Figure 5 shows the evaluation results of the PPP evaluation method for the rubidium clock. The figure also shows the results of the electronic evaluation method, the traditional GNSS evaluation method (SPP evaluation method), and the overall noise curve of the PPP evaluation method. According to the result of the electronic evaluation method, the frequency stability at 1 s interval of the rubidium clock is approximately 4.26 × 10 −12 , and the highest frequency stability reaches approximately 3.27 × 10 −13 when τ = 1428s. When τ = 1 s, the overall noise curve of the PPP evaluation method is above the result curve of the electronic evaluation method. Therefore, the results of the PPP evaluation method are greatly affected by the noise of the PPP method. Take the result of the electronic evaluation method as the truth value. When 1s < τ < 66s, the results of the PPP evaluation method are also affected by the noise of the PPP method, and the error of the PPP evaluation result (|δ ppp y (τ ) − δ ture y (τ )|) is above 2 × 10 −13 . As τ increases, the measurement noise of PPP is smoothed. Therefore, the influence of measurement noise is gradually reduced, and the evaluation capability is gradually enhanced. When τ ≥ 66s, the error of the PPP evaluation result is less than 2 × 10 −13 , and the correlation coefficient between the PPP evaluation method and the electronic evaluation method is 99.37%. Compared with the result curve of the SPP evaluation method, that of the PPP evaluation method is closer to the result of the electronic evaluation method, thereby indicating that the PPP evaluation method has clear advantages in terms of capability. For a rubidium clock with high stability, the measurement noise of the SPP evaluation method is high, and its influence on stability cannot be reduced to an adequately small degree after smoothing by average interval τ ; thus, the SPP evaluation method cannot effectively evaluate the rubidium clock. Figure 6 shows the results of the three evaluation methods for OCXO and the overall noise curves of the PPP evaluation method. The results of the electronic evaluation method show that the frequency stability of OCXO at 1 s average interval is approximately 5.97 × 10 −12 and that the highest frequency stability reaches approximately 2.70 × 10 −12 when τ = 67s. Take the result of the electronic evaluation method as the truth value. The result curve of the PPP evaluation method is not greatly different from the result curve of the electronic VOLUME 7, 2019 evaluation method. When τ = 1s, the error of the PPP evaluation result is 3.06 × 10 −12 . When 2s ≤ τ < 942s, the error of the PPP evaluation result is less than 1 × 10 −12 .When τ ≥ 942s, the error of the PPP evaluation result is less than 1.3 × 10 −11 . When τ ≥ 1s, the correlation coefficients of the PPP and electronic method evaluation results can be calculated as 99.92%. Compared with the result curve of the SPP evaluation method, that of the PPP evaluation method is closer to the result curve of the electronic evaluation method. When τ = 1s, the measurement noise of the SPP evaluation method is much larger than the clock frequency noise, and the result curve is closer to the measurement noise of the SPP rather than the frequency stability of the clock. After smoothing by average interval τ , the influence of SPP measurement noise gradually decreases, and the SPP assessment method can effectively evaluate OCXO only when τ > 2000s. Figure 7 shows the result curves of the PPP evaluation method and SPP evaluation method for TCXO, as well as the overall noise curve of the PPP evaluation method. The overall noise level of the PPP evaluation method is much lower than the frequency stability of TCXO. For the TCXO with the frequency stability of 10 −10 at 1 s average interval, the PPP evaluation method can evaluate its frequency stability at more than 1 s, and the result curve of the PPP evaluation method can be used as a truth value. According to the results of the PPP evaluation method, the frequency stability of TCXO at 1 s interval is approximately 1.11 × 10 −10 , and the frequency stability of TCXO is the highest when τ = 1s. When τ = 1s, the measurement noise of SPP reaches 7.37 × 10 −11 (Fig. 3) , which is close to TCXO's frequency stability. Thus, a clear difference is found between the results of the SPP evaluation method and the truth value. When 1s < τ < 6s, the influence of SPP measurement noise is gradually reduced. When τ > 6s, the frequency noise of TCXO is high and the influence of the measurement noise of PPP and SPP is not noteworthy, thus, both the PPP evaluation method and the SPP evaluation method can evaluate TCXO well.
As shown in Figs. 5 and 6, the results of the traditional electronic method are analyzed and then used as the true frequency stability of the clock. Subsequently, the result of the PPP evaluation method is compared with that of traditional electronic and traditional GNSS evaluation methods (SPP evaluation method). The results of the PPP evaluation method are basically consistent with the results of the traditional electronic evaluation method. Compared with the results of the SPP evaluation method, those of the PPP evaluation method presents distinct advantages in terms of evaluation capability. Furthermore, the performance of the PPP evaluation method for the three clocks can be summarized. The PPP evaluation method can effectively evaluate the frequency stability of TCXO for more than 1 s. For the OCXO and rubidium clock, the traditional electronic evaluation method is used as the reference truth value. In this work, we consider that the PPP evaluation method can effectively evaluate OCXO when the error of the PPP evaluation result is less than 1.3 × 10 −11 and that the PPP evaluation method can effectively evaluate the rubidium clock when the error of the PPP evaluation result is less than 2 × 10 −13 . Therefore, the PPP evaluation method can evaluate the frequency stability of OCXO for more than 1 s and the frequency stability of the rubidium clock for more than 66 s. The short-term frequency stability of OCXO is not better than that of the rubidium clock owing to the different performance of OCXO and the better performance of the rubidium clock. Moreover, the PPP evaluation error criteria are different for different levels of clocks.
In the PPP evaluation method, it is necessary to mention the problem of system stability. According to the evaluation schematic diagram of Figs. 2, the PPP evaluation method can be divided into three steps: observation data acquisition, PPP post-calculation and analysis of Allan variance. In the first step, the observation data is collected by the GNSS receiver. Before outputting the observation data, the GNSS receiver needs to perform steps such as radio frequency signal processing, intermediate frequency signal processing, baseband signal acquisition tracking, and data demodulation. The use of GNSS receivers to acquire observation data requires consideration of the stability of the internal system of the GNSS receiver. In the second step, PPP has a convergence problem in the initial stage. The third step is analysis of Allan variance, and there is generally no stability problem. In the experiment of this article, the mature NOVATEL receiver board, whose system stability is basically determined by the manufacturer, is used as the observation data collector.The PPP positioning solution is based on the post-processing method and the system stability depends on the quality of the software. On the whole, PPP evaluation method is not a closed-loop control system, and post-processing analysis occupies the main part, with little influence on system stability. More in-depth study of system stability will be conducted in future research.
VI. CONCLUSION
In the PPP evaluation method, a GNSS receiver is equipped with the hardware for measuring clock time-frequency errors.
The frequency stability of the PPP time reference is high, and the time-frequency transmission capacity of the PPP technology is good. Expressed by the overlapping Allan deviation, the overall noise of the PPP evaluation method at a 1 s average interval is at the level of 10 −12 , and it is lower than 2 × 10 −14 at 10000 s average intervals. The experimental results of three clocks show that the PPP evaluation method can effectively evaluate the frequency stability of TCXO and OCXO for more than 1 s average interval and that the OCXO evaluation error is less than 1.3 × 10 −11 . The PPP evaluation method can evaluate the frequency stability of the rubidium clock for more than 66 s average intervals, and the error is less than 2 × 10 −13 . Combining the experimental results and the noise level of the PPP evaluation method shows that the frequency stability evaluation capability at 1 s average interval of the PPP evaluation method covers the entire level of 10 −11 , but it barely reaches the level of 10 −12 . The frequency stability evaluation capability at 10 s average intervals is between the 10 −12 and 10 −13 levels. The frequency stability evaluation at the 100 and 1000 s average intervals can reach the 10 −13 level. The future research into the PPP evaluation method will be more focused on the application field, and further work will be conducted in the application field, such as applying the PPP evaluation method to clock real-time evaluation of timing receivers. Future work can also explore whether other positioning techniques can be used to evaluate clock frequency stability.
JINGSONG CUI received the Ph.D. degree in computer science and theory from Wuhan University, in 2004. He visited Arizona State University, in 2012. He is currently an Associate Professor with the School of Cyber Science and Engineering, Wuhan University. His main research interests include algorithm optimization and information security. He is also a member of the Chinese Association for Cryptologic Research.
JINGNAN LIU has been the Head of the National Engineering Research Center for Satellite Positioning System, since 1998. He is currently a member of the Chinese Academy of Engineering, a Professor with Wuhan University, expert in geodesy and surveying engineering with the specialty of GNSS technology and applications. He has published more than 150 academic articles and supervised more than 100 postgraduates. He is also an Executive Member of the council, Chinese Society for Geodesy Photogrammetry and Cartography, the Editorial Board Member of GPS World, and the Coordinator of the International GPS Geodynamics Services.
